ABSTRACT
INTRODUCTION
Interest in estrogen and anti-estrogen analogs has increased tremendously over the past decade. Recent concerns over the environmental estrogens and their incidence in endocrine disruption have led to studies concerning their estrogenic potency. Historically, the determination of the estrogenic activity of compounds was made by in vivo rodent studies or interaction with the isolated estrogen receptor (ER). More recently, estrogen activities were assessed by activation of reporter genes in genetically modified yeast. Culturing yeast is simple, economical, and rapid. The fact that many eukaryotic cellular processes are mechanistically conserved has made yeast the organism of choice and a useful tool for the study of gene regulation. The two-hybrid system provides another example of the versatility of yeast in the study of protein-protein interaction. Studies on the regulation of gene expression in genetically modified yeast frequently make use of the β -galactosidase ( β -gal) coding sequence ( lacZ ) from E. coli as a reporter gene. The assay of β -gal activity in liquid culture requires either the permeabilization of yeast cell wall by chloroform and SDS or the cell disruption by glass beads or liquid nitrogen (2, 6, 7) . Thus, these techniques are time consuming, fastidious, and require vigorous shaking of individual tubes. These techniques are not suitable for the analysis of large numbers of samples. To substitute for the chloroform/SDS yeast permeabilization protocol routinely used in our laboratory, we have developed a simple and miniaturized, alternative method. This paper describes a rapid, convenient, and standardized quantitative β -gal assay in liquid culture of recombinant yeast. The method uses lyticase to digest the yeast wall and hypoosmotic shock for the protoplast lysis. This protocol has been optimized for the manipulation of yeast in 96-well plates. We show that our protocol can be used for large-scale screening of the estrogenic potency of chemicals in yeast cells expressing the ER.
MATERIALS AND METHODS

Chemicals
17 β -estradiol, 17 α -estradiol, est rone, 17 α -ethynylestradiol, o-nitrophenyl β -D -galactopyranoside (ONPG), and lyticase were from Sigma (St. Quentin, France). Yeast nitrogen base and amino acids (dropout) were from Difco (Detroit, MI, USA).
Recombinant Yeast
The Saccharomyces cerevisiae -derived BJ-ECZ yeast strain (pep4-3, prc1-407, prb1-1122, ura3-52, trp1, leu2::URA3-2ERE-CYC1-lacZ) was transformed with the rainbow trout ER, YeprtER, and human ER, YephER (4, 8, 9) , expression vectors, and recombinant yeast cells were selected for growth on complete minimal (CM) medium [0.13% dropout powder lacking uracil and tryptophan, 0.67% yeast nitrogen base, 1% glucose, and 39 mM (NH 4 ) 2 SO 4 ].
Recombinant Yeast Cell Growth
Yeast cells from glycerol stock were streaked on CM plates lacking uracil and tryptophan and incubated at 30°C for 48 h. Four independent colonies were picked and inoculated in four Erlenmeyer flasks containing 10 mL CM medium lacking uracil and tryptophan. Yeast cells were incubated at 30°C in a shaking incubator at 300 rpm (UNITRON ® ; INFORS, Bottmingen, Switzerland) for 36 h. The density of yeast cells in liquid culture was determined spectrophotometrically by measuring the absorbance (A) at 600 nm (A 600 ). With our spectrophotometer (UV-16OA; Shimadzu, Courtaboeuf, France), A 600 of 0.1 corresponded to approximately 7 ×10 6 cell/mL.
β -Gal Assays Run after SDS/ Chloroform Cell Permeabilization or Lyticase Cell Lysis
Hemolysis tubes containing 1 mL yeast cultures (A 600 of 0.6) were incubated for 4 h at 30°C in the presence of 17 β -estradiol (E2) under vigorous shaking. After incubation, the cell suspensions were centrifuged, and cell pellets were resuspended in 100 µ L Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 50 mM β -mercaptoethanol, pH 7.0) and processed for β -gal assay with the SDS/chloroform cell permeabilization method as previously described (2) or after lyticase digestion. Briefly, cells from 30 µ L suspension were permeabilized with SDS/chloroform in 1 mL Z buffer for 15 min at 30°C, and 200 µ L ONPG substrate (4 mg/mL) were added. After 1 h of incubation at 30°C, the β -gal reaction was stopped by adding 500 µ L 0.5 M Na 2 CO 3 , and 1 mL colored product was used to determine the A 405 after centrifugation. The cell density was determined by measuring the A 600 of 30 µ L cell suspension diluted in 1 mL water. Results were expressed in Miller units (5) . The lyticase digestion was performed by adding 5 µ L lyticase (1 µ g/ µ L) to the cell suspension in 100 µ L Z buffer. After incubation at room temperature (20°C-22°C) for 30 min to 1 h, the protoplasts were lysed by hypoosmotic shock with 200 µ L water and 0.1% Triton ® X-100 (Sigma) for 15 min, and the reaction mixture was centrifuged for 5 min at 770 × g . The β -gal assay was performed with 30 µ L soluble extract, adjusted to S h o r t Technical Re p o r ts 100 µ L with Z buffer and 20 µ L ONPG substrate (4 mg/mL) in flat-bottom 96-well microplates. The reaction was stopped after 1 h of incubation at 30°C by adding 50 µ L 0.5 M Na 2 CO 3 , and the plate was read at 405 nm in a microplate reader (MRX; Acterna, Luxemburg, The Netherlands). Protein quantification was performed with 5-10 µ L extract and 200 µ L Coomassie ® Blue reagent (1) in 96 -well microplates. The β -gal arbitrary units were defined as A 405 /mg protein/min of enzymatic reaction.
Adjustment of the Lyticase Protocol for 96-Well Plates
After optimization and validation of the lyticase cell lysis, in comparison with the SDS/chloroform method, the previous protocol was adapted and optimized for conic-bottom 96-well plates.
After 36 h of culture, the yeast culture was diluted in CM medium to obtain A 600 of 0.5-0.6. Then, 100 µ L yeast suspension were distributed with a multichannel pipet in each well of a conic-bottom 96-well plate (PS Microplatte 651101; Greiner), except for the first row, which was reserved for the dilution of test compounds and received 200 µ L cell suspension and 2 µ L 100 × concentrated test compounds. The doseeffect was performed by half serial dilution in the next rows. The plates were then incubated for 4 h at 30°C without shaking. To avoid evaporation, the plates were protected by a cover and were kept away from the airflow of the incubator. After incubation, the plates were centrifuged (C.312; Jouan, Winchester, VA, USA) for 5 min at 430 ×g . The supernatant was eliminated from each well by using a vacuum pump. At this step, the cell pellets can be stored from -20°C to -80°C for several days.
The lyticase stock solution (1 mg/mL in 0.1 M potassium phosphate buffer, pH 7.5, 50% glycerol, stored at -20°C) was diluted 10-fold in Z buffer solution, and 50 µ L of this solution were added to each well. Plates were then incubated for 30-60 min at room temperature (20°C-22°C). The temperature is very important for an optimal lysis in 30 min. Therefore, if the room temperature is higher than 22°C, the use of an incubator is required. After lysis, 100 µ L 0.1% Triton X-100 solution in water were added to each well, and the plates were incubated for 15 min at room temperature. The plates were then centrifuged at 430 ×gfor 10 min. Supernatants were transferred (100 µ L) to flat-bottom 96-well microplates (PS Microplatte 655101), and 20 µ L ONPG substrate (4 mg/mL in 0.1 M potassium phosphate buffer, pH 7.0) were added to each well. The enzymatic reaction was performed at 30°C for 1 h for yeast cells expressing rainbow trout estradiol recepter (rtER) and 30 min for those expressing human estradiol recepter (hER). When the yellow color had developed sufficiently (A 405 of 0.8-1.2 for the maximal induction), the reaction was stopped by adding 50 µ L 1 M Na 2 CO 3 , and the A 405 was read after 5 min of equilibration. The protein quantification was performed during the β -gal reaction. For this, 10-20 µ L soluble extract were added to 200 µ L Coomasie Blue reagent in microplates, and BSA was used as a standard. The β -gal arbitrary units were defined as the A 405 /mg protein/min of enzymatic reaction.
RESULTS AND DISCUSSION
In the course of setting up the method, we first optimized the conditions of lyticase digestion using the yeast strain expressing rtER. This receptor displays a basal transcriptional activity in yeast (10%-15% of the maximal E2-induced activity) attributable to the A/B domain of the receptor (4).
Comparison between SDS/ Chloroform and Lyticase Protocols
Lyticase digestion for 30 min was sufficient to recover 94% ± 4% of soluble protein (330 µ g/mL culture) and 83% ± 6% of β -gal activity (0.640 β -gal unit/mL culture) compared to 1 h digestion (100% ± 7%). Stringent conditions such as sonication did not increase protein or β -gal recovery. This indicates that a 30-min lyticase digestion and a hypoosmotic shock are sufficient for maximal protein recovery. The analysis of an estradiol dose-effect experiment showed no significant difference of β -gal activity between the whole suspension and the soluble fraction of yeast extracts from low to high values of β -gal activity. This indicated that all of the β -gal was solubilized during the cell lysis and protein extraction processes (data not shown).
The reporter gene response to an estradiol dose-effect was monitored using 1 mL cell culture in 5-mL plastic tubes by using the two methods of β -gal extraction. The comparative results (Figure 1) show that both methods display a similar β -gal induction curve. The superposition of the two curves reflects a linear correlation between the two methods of β -gal extraction at all levels of reporter gene induction. The basal activity (10%-15% of the maximal induction) and the induction factor (9-fold) were the same for both methods. An estradiol dose-effect was performed in triplicate with 1 mL culture (three independent clones) or with 100 µ L culture in conic-bottom 96-well plates (three independent plates) as described in Materials and Methods. Figure 2 shows the exact superposition of the two curves obtained either from 1 mL culture kept in tubes or from 100 µ L kept in 96-well plates. This result indicates that the induction of the LacZreporter gene by E2 is independent from the incubation condition (volume and shaking). The protein yield was 301 ± 44 µ g ( n= 18) for 1 mL A 600 0.5-0.6 culture versus 34 ±3 µ g ( n= 288) for 100 µ L culture after 4 h of incubation. This ratio was similar to the ratio of cells seeding, indicating that the rate of cell growth had been the same in both conditions (the cell-population doubling time is about 4 h with this yeast strain).
S h o r t Technical Re p o r ts
Validation of the Lyticase Protocol by Determination of the EC 50 for some Estrogens
The maximal induction of the reporter gene by rtER and hER in the presence of 10 nM E2 was compared with both SDS/chloroform and lyticase methods. With SDS/chloroform, the maximal induction measured was 21 ±5 ( n= 18) and 61 ±13 ( n= 11) Miller units with rtER and hER, respectively. With the lyticase method, the maximal induction was 0.5 ± 0.1 ( n = 26) and 1.2 ± 0.2 ( n = 24) β -gal units for rtER and hER, respectively. The identity of the ratio for both methods (hER max /rtER max 2.87 for SDS/chloroform and 2.39 for lyticase) indicates that our protocol respects the interspecies differences in ER responses to E2 (4). Our method was validated by a comparative study of estrogenic potency of natural and synthetic estrogens in yeast expressing rtER or hER. The results of dose-effect experiments are presented Figure 3A , and a photograph of a plate from a typical experiment is presented in Figure 3B . The assessment of the EC 50 of estrogenic compounds in recombinant yeast (Table 1) showed that every tested compound, except for 17 α -ethynylestradiol, displayed a lower activity than 17 β -estradiol.
The protocol described here allows the analysis of numerous samples with minimal manipulations in one day. The advantages of such a protocol are evident in terms of time saving and the number of samples than can be analyzed in one day with minimal effort and maximal reproducibility. This process guarantees a better reproducibility of the assay because all of the samples are manipulated simultaneously. In the SDS/chloroform method, each tube is vigorously vortex mixed for 10-15 s and individually manipulated for centrifugation and absorbance reading in a spectrophotometer, thus limiting the number of samples being analyzed in one day (50-100 samples maximum). With the lyticase method in 96-well plates, about 576 samples (six plates) can be analyzed easily in one experiment, while another experiment with a similar number of samples can be performed during incubation times of the first experiment and stopped at the cell pellet. Pellets can be kept frozen until they are processed. This miniaturization of existing techniques is particularly useful for test compounds available in low quantities (often in micrograms) as hormone or xenobiotic metabolites obtained by in vitro methods or after extraction from animal tissues. The protocol we have developed for the analysis of the estrogenic potency of different molecules can easily be transposed to other applications such as a two-hybrid system. In the case of proteins displaying very weak interactions, the protocol could be improved by the use of a chemiluminescent substrate such as 3-[ 4-methoxyspiro{1,2-dioxetane-3,2 ′ -tricyclo[3,3,1,1 3, 7 ]decan}-4-yl)phenyl-β -estradiol-D -galactopyra noside (AMPGD) (3) .
The present protocol permits the use of all existing commercial devices for 96-well plate manipulation such as multichannel pipets, allowing further improvement of the method in terms of automatization, reproducibility, and time.
